In a confocal theta fluorescence microscope, two objective lenses with circular apertures are used, one to illuminate the sample and the other to detect the emitted light at an angle to the illumination axis. We show that annular illumination and detection apertures lead to a reduction in the extent of the point-spread function. A spatial resolution improved by more than 50% can be achieved with a central obstruction blocking the inner 80% of the diameter. For the limit of a very narrow annular aperture and a numerical aperture of 0.75, the volume at half-maximum of the point-spread function is reduced from 15 to 5 aL. A mixed setup with an annular illumination aperture and a circular detection aperture is also considered.
Introduction
The important part played by confocal fluorescence microscopy in modern biology is mainly due to its depth-discrimination capability that allows threedimensional 13-D2 imaging. 1, 2 This resolution improvement stems from the restriction of the illumination and detection volumes by a pointlike light source and a point detector. [3] [4] [5] In a confocal fluorescence microscope the point-spread function 1PSF2 that describes the probability of detecting fluorescently emitted light in the focal region is determined by the product of the illumination and the detection PSFs. The resolution can be estimated by calculating the extent of the PSF.
Because a microscope objective lens covers only a small part of the full solid angle of 4p, the lateral resolution of a confocal microscope is always better than the axial resolution and the observation volume is elongated along the optical axis. 6 Consequently efforts have been made to improve the axial resolution in confocal microscopes. [7] [8] [9] [10] [11] [12] In the diffractionlimited case the axial and lateral resolutions depend only on the numerical aperture 1NA2 of the system and on the illumination and detection wavelengths. There are several possible ways to make further improvements in the resolution axially, laterally, or in three dimensions: 112 increase the NA of the system, 122 decrease the wavelengths, 132 change the geometry of the PSFs, e.g., by interference or by apodization, 142 modify the spatial arrangement of the illumination and detection PSFs in a confocal arrangement, i.e., shift and@or rotate one of the PSFs.
Recently, changing the spatial configuration of the illumination and detection PSFs has been investigated, and a new microscopic setup called confocal theta microscopy has been proposed. 13, 14 In theta microscopy two objective lenses are used, one to illuminate the sample and the other to collect the emitted light. This arrangement improves the axial resolution by a factor of 4 and the spatial resolution in terms of the observed volume by a factor of 3 when two lenses, each with a NA of 0.75, are used. 15 The resolution enhancement arises from alignment of the lenses: The detection axis is tilted by angle q relative to the illumination axis, thereby reducing the overlap of the illumination and detection volumes and hence the extent of the confocal theta PSF. 14 A small extent is equivalent to a high 3-D resolution.
Imaging with central obstructions has attracted the interest of scientists because of its importance in astronomy, 16 where it improves the lateral resolution S. Lindek r 1996 Optical Society of America of telescopes. However, the small FWHM of the PSF in the focal plane of a microscope with an annular aperture is accompanied by a loss of resolution along the optical axis. 17 This leads to poorer optical sectioning capability in confocal setups, restricting the use of such apertures. The effects of annular apertures in confocal microscopy have been studied mainly by Sheppard, and co-workers. 11, 12, 18, 19 A thorough analysis shows that an improvement in spatial resolution by as much as 25% is feasible only in advantageous conditions with leaky annular pupils. 20 We analyze the effect of annular apertures on the 3-D resolution of a confocal theta microscope.
Theta Microscopy with Annular Apertures
To evaluate the effects of annular apertures, we use the expressions derived by Linfoot and Wolf. 17 The intensity PSF along the optical axis is given by 0 h1u, 020 2 5 1
where e, the obstruction ratio describing the central fraction of the diameter that is opaque, ranges from 0 to 1. The PSF in the focal plane is described by
where J 1 1v2 is the first-order Bessel function of the first kind. In these equations, generalized optical coordinates u and v are used 21 :
where n is the refractive index, k 0 is the vacuum wave number 2p@l, and a is the aperture angle; x, y, z is a set of Cartesian coordinates with z indicating the direction of the optical axis. In a confocal theta microscope z is the axis of the illumination lens and x is the direction of the orthogonal detection lens. Because the axes are not scaled the same way, the confocal theta PSFs cannot be scaled and results can be given only for a defined NA. For very narrow annular apertures the effects of spatial filtering are the most obvious. 18 Therefore we analyze the confocal and confocal theta PSFs for an obstruction ratio e of 0.99. However, such narrow apertures are difficult to implement, and we therefore also present an analysis for e 5 0.5, which is a moderate value that can be realized without problems. 12 A major disadvantage of an annular aperture in the detection path of a confocal fluorescence microscope is that a large fraction of the fluorescently emitted light is lost 1,25% for e 5 0.52. Therefore it is preferable to work with a circular detection aperture. Because a theta microscope uses two independent lenses for illumination and detection, it is possible to illuminate the sample through an annular aperture and to detect its fluorescence emission without losses.
Our evaluation of the performance of confocal and confocal theta microscopes with circular and@or annular illumination and@or detection apertures is based on the specifications of the theta microscope built at the European Molecular Biology Laboratory, 15 i.e., NA 5 0.75 in water 1n 5 1.332. The wavelengths have been chosen to match the properties of the fluorophore fluorescein isothiocyanate 1FITC2, i.e., l ill 5 488 nm and l det 5 520 nm. The resolutions of confocal and confocal theta microscopies were evaluated in terms of the FWHMa along the coordinate axes and the volume at half-maximum 1VHM2. The VHM of a PSF that is normalized to 1 is the volume enclosed by an isosurface at 0.5. It can be approached by an ellipsoid formed by the three FWHMa:
For confocal microscopies the VHM is in the range of attoliters 11 aL 5 10 6 nm 3 2. The results of the calculations are summarized in Table 1 . Figure 1 shows the influence of annular illumination and detection apertures on confocal and confocal theta PSFs along the x and z axes. The PSF's along the y axis are not shown because theta microscopy does not induce changes along this axis. The graphs document the lateral-resolution improvement by a factor of 1.43 and the 50-fold deterioration of the axial resolution in confocal microscopy for very narrow annular apertures 1e 5 0.992. For moderate apertures 1e 5 0.52 the axial resolution deterioration by a factor of 1.33 is less dramatic but large enough to counteract the lateral enhancement and lead to a deterioration in the 3-D resolution 1Table 12. In a confocal theta microscope, however, the laterally improved detection PSF compensates the large FWHM of the illumination PSF along the illumination axis z, and the z resolution is improved in such an instrument: For e 5 0.99 the VHM is 2.8 times smaller than for circular apertures. Even for e 5 0.5 the one-dimensional improvement by factors of 1.2 1x2, 1.13 1 y2, and 1.12 1z2 leads to a VHM that is 29% smaller 1Table 12. However, Fig. 1 shows that this resolution improvement in a confocal theta microscope is achieved at the expense of diffraction sidelobes of 9% of the maximum along the x and z axes. Figure 2 documents the effect of an annular illumination aperture with e 5 0.99 or e 5 0.5 and a circular detection aperture. In the confocal case the resolution deterioration along the z axis is balanced by the improved lateral resolution and the VHM remains almost constant 1Table 12. In the theta microscope the FWHM along the z axis is generally the same as that with a circular illumination aperture. Therefore the 3-D resolution in terms of the VHM can be improved by 42% for e 5 0.99 and by 16% for e 5 0.5 1Table 12. Note that sidelobes are present only along the detection axis 1x2.
Results
The dependence of the VHM on the obstruction ratio e for both investigated aperture combinations is shown in Fig. 3 . In Fig. 3a we document the increase in the VHM for confocal microscopes with annular apertures, which becomes dramatic when a e is indicated for annular apertures. The z axis is the optical axis of the confocal microscope and the illumination axis of the theta microscope. The x axis is the detection axis of the theta microscope. The VHM is the volume of an ellipsoid formed by the FWHMa. All data are calculated for NA 5 0.75 in water, l ill 5 488 nm, and l det 5 520 nm. Fig. 1 . a, PSFs along the z axis in confocal 1left2 and confocal theta 1right2 microscopes with circular 1e 5 0, continuous curve2 and identical annular apertures 1e 5 0.5 and e 5 0.99, dashed curves2 for illumination and detection. b, PSFs along the x axis for the same setups. Fig. 2 . a, PSFs along the z axis in confocal 1left2 and confocal theta 1right2 microscopes with circular 1e 5 0, continuous curve2 and one circular 1detection2 and one annular 1illumination2 aperture 1e 5 0.5 and e 5 0.99, dashed curves2. b, PSFs along the x axis for the same setups. The three confocal theta PSFs overlap because the annular illumination has almost no effect on their axial extent. more than 60% of the diameter is opaque. On the contrary, in a confocal theta microscope the VHM becomes smaller with increasing e, leading to an improved 3-D resolution. For e 5 0.8 the VHM of a confocal theta microscope has a size of 7 aL, which is 2.1 times smaller than for circular apertures. Figure 3b shows that the use of an annular illumination and a circular detection aperture, which is advantageous because of a higher fluorescence signal and because of fewer sidelobes, also considerably improves the spatial resolution in theta microscopy. The use of an annular illumination aperture in confocal microscopy has beneficial effects only for e larger than ,0.8.
Conclusion
Because in a confocal theta microscope the extent of the 3-D PSF along all three axes is dominated by the lateral extent of the illumination and detection PSFs, the confocal theta PSF is extremely confined to the geometrical focus when annular apertures are used. The reduction in the size of the observation volume by more than 50% for an obstruction ratio of 0.8 means a considerably increased spatial imaging capability. The use of larger central obstructions reduces the VHM even further. The combination with other techniques such as two-photon absorption fluorescence microscopy, which confines the illumination volume and thereby avoids a considerable overillumination of the sample, or the use of apertures with different inner and outer diameters for illumination and detection further ameliorates the imaging properties of a confocal theta microscope. Therefore we expect spatial filters to play an important role in applications of theta microscopes.
